Total cAMP levels were measured in the macroalgae Dictyota dichotoma, Gelidium sesquipedale and Ulva rigida under different light conditions in order to study its regulation either by phytochrome or photosynthesis. Incubation in red or far-red light did not promote a phytochrome-like response; instead, it showed a synergistic effect upon cAMP accumulation. cAMP levels seemed to depend on the amount of energy applied. The correlation between photosynthetic oxygen evolution and cAMP variations at sub-saturating white light irradiance pointed to photosynthetic electron transport as involved in the regulation of cAMP accumulation at least in G. sesquipedale and U. rigida. Inhibitors of thylakoidal and mitochondrial electron transport chains reduced cAMP levels in 70 to 99 %. We conclude that cAMP accumulation could be regulated by photosynthetic activity rather than phytochrome in the macroalgae studied.
Introduction
Cyclic AMP is a ubiquitous second messenger among bacteria, eukaryote protists, fungi and metazoans involved in a wide array of cellular responses to environmental signals (Trewavas 2002) .
In vascular plants, both the occurrence and possible function of cAMP have been debated. If present, cAMP levels were normally very low and impurities in plant extracts were suspected to co-chromatograph with authentic cAMP or to interfere with the cAMP binding protein in sensitive cAMP isotope dilution assays (Spiteri et al. 1989) . Mass-spectrometric methods provide greater specificity for cAMP measurements * E-mail corresponding author: gordillo@uma.es (Newton et al. 1999) . By using such methods, cell cycle-driven cAMP oscillations were reported in tobacco BY-2 cells (Wang et al. 1978 , Ehsan et al. 1998 .
Studies on microalgae have provided a number of functions for cAMP: It mediates the flagellar movements in Chlamydomonas (Pan and Snell 2002) and the control of circadian rhythms in Euglena gracilis (Carre and Edmunds 1993) . Activities of adenylyl cyclases and cAMP phosphodiesterases, that respectively synthesise and degrade cAMP, were characterised in microalgae (Tong et al. 1991 , Saito et al. 1993 , Nass et al. 1994 ) and a cAMP dependent protein kinase gene has been recently cloned from E. gracilis (Kiriyama et al. 1999) . In the dinoflagellate Amphidinium operculatum, cAMP has been related to the coordination between diel light periodicity and cell division (Leighfield and Van Dolah 2001) . The involvement of a prototype phytochrome as the photoreceptor for cAMP-mediated light-responsive signal transduction has been suggested in the cyanobacterium Anabaena cylindrica (Ohmori et al. 2002) . However, reports on the physiology and biochemistry of cAMP in macroalgae are very scarce.
Intertidal macroalgae are sessile organisms subjected to strong fluctuations in both light quantity and spectral light quality (Kirk 1983, Häder and López-Figueroa 1997) . Light plays an essential role controlling both plant physiology and morphology in two ways: i) as a source of energy, and ii) as an environmental signal acting on phytochrome or blue light receptors to drive photomorphogenesis (Dring and Lüning 1983 , Dring 1988 , Chory et al. 1996 . Phytochrome is characteristically activated by red light and inactivated by far-red light (Siegelman and Butler 1965) . Both cAMP and cGMP have been implicated in the signal transduction through phytochrome in vascular plants (Bossen 1990 , Bowler et al. 1994 , Neuhaus et al. 1997 . The existence of cryptochrome or phytochrome in macroalgae is not clearly established even though they are likely to be present. Phytochrome-like proteins have been detected in the intertidal red macroalgae Porphyra umbilicalis and Porphyra leucosticta (López-Figueroa et al. 1989 ) and cAMP has also been identified in extracts of P. umbilicalis (Newton et al. 1995) . New findings in P. leucosticta, relate cAMP levels to photosynthetic performance rather than phytochrome, possibly coordinating early photochemical events with other cellular processes (Segovia et al. 2001) .
In this study we investigate whether changes in the cAMP levels of three intertidal macroalgae (one Rhodophyte, one Chlorophyte and one Phaeophyte) are regulated either by light quality through phytochrome stimulation or light quantity through photosynthetic performance by applying different light treatments. 
Materials and Methods

Chemicals
Plant material and culture conditions
Samples of Phaeophytae Fucus spiralis L. and Dictyota dichotoma (Huds.) Lamour, the Rhodophyte Gelidium sesquipedale (Clem) Born et Thuret, and the Chlorophyte Ulva rigida C. Agardh were collected from an intertidal rocky shore in Punta Carnero (Cádiz, Southern Spain). Healthy thalli free from macroscopic epibiota were selected and maintained in artificial sterile aerated seawater enriched with Provasoli medium (Provasoli 1968) at 35 psu salinity and 17˚C for not more than 2 -3 days. Light was provided by white fluorescent lamps 
Light treatments
Portions of 200 mg of fresh material were taken from culture in the middle of the light period, transferred to Petri dishes containing 40 mL of seawater and exposed to either 10 min of white light at 100 µmol m -2 s . White light (WL) was provided by the same source as for culture. Additionally samples were transferred from darkness (30 min of pre-incubation) to light; and cAMP levels were measured at 0.5, 30, 60 and 120 min. after transfer.
After light treatments, samples were rapidly frozen in liquid nitrogen and stored at -80˚C, until they were used for cAMP extraction and measurement.
Photosynthetic oxygen evolution
Oxygen evolution rates for G. sesquipedale and U. rigida were measured under increasing white light from 0 to 200 µmol m -2 s -1
, in a custom-made transparent Plexiglas chamber of 9 mL volume equipped with an oxygen Clark-type electrode (YSI 5331) and a stirring device at constant temperature (17˚C). Incubation under each irradiance lasted 10-15 min. A constant O 2 evolution rate was observed after about 1-2 min from the shift in irradiance. The photosynthesis-irradiance response curve was fitted to the equation of Edwards and Walker (1983) :
where NP is the net oxygen evolution rate, P max the maximum NP rate, I the irradiance, LCP the light compensation point, and I 0.5 the halfsaturation constant. Additionally, sets of thalli were incubated under culture conditions in presence of a cocktail of ATP synthesis inhibitors for 1 h before photosynthesis measurements. The mixture contained 50 µmol/L of dichloro-methyl-urea (DCMU), a non-biological electron acceptor that blocks electron transfer between photosystem II and photosystem I at the Q b step, 10 µmol/L potassium cyanide (KCN), an uncoupler of both mitochondrial and chloroplastidial electron transport and 10 µmol/L antimycin A, which prevents ATP formation by inhibiting mitochondrial electron transport specifically between cytochromes b and c (final concentrations).
Extraction and purification of cAMP
Two hundred mg of frozen material was ground at 0˚C in a mortar, resuspended in 300 µL of 3.5 % (v/v) perchloric acid (PCA) and vortexed with 0.5 mm diameter glass beads for 15 min to lyse cells. Samples were neutralised by adding 150 µL of 50 % saturated KHCO 3 and 450 µL 4 mmol/L EDTA in 150 mmol/L KH 2 PO 4 , pH 7.5. Samples were centrifuged at 10,000 ×g and 4˚C for 10 min and pellets were discarded. Supernatants were purified by mixing 500 µL of supernatant with 500 µL of 50 % (w/v) neutral alumina in water [7] . They were shaken at 22˚C for 30 min, centrifuged at 10.000 ×g for 15 min, and cAMP was assayed in the supernatant fraction.
Measurement of cAMP
Cyclic-3′ -5′-adenosine monophosphate (cAMP) was measured by cAMP isotope dilution assay using protein kinase A (PKA) purified from beef heart as cAMP binding protein (Gilman 1972) . PKA binds cAMP with high selectivity. Naturally occurring cyclic nucleotides, such as cIMP and cGMP show respectively 100 and 1000 fold lower affinity for PKA than cAMP. In short, 20 µL of sample or cAMP standard was mixed with 20 µL of 0.4 µCi/mL [ 3 H]-cAMP and 20 µL of PKA.
After 16 h of incubation at 0˚C, unbound cAMP was precipitated with activated charcoal previously saturated with bovine serum albumin, and 3 H-cAMP bound to PKA in the supernatant fraction was determined by liquid scintillation counting.
To test that the algal activity competing with 3 H-cAMP was indeed cAMP, 20 µL samples of algae extracts were preincubated for 30 min at 22˚C with 2 µL of 7 IU/mL of cyclic nucleotide phosphodiesterase (PDE) purified from the social amoeba Dictyostelium discoideum (Orlow et al. 1981) . The reaction was terminated by heating samples at 100˚C for 5 min. Control samples that were not treated with PDE were also heated for 5 min at 100˚C. Both control and PDE treated samples were then analysed by cAMP dilution assay. In all cases PDE treatment removed the activity competing with 3 H-cAMP for more than 99.5 %.
To test for recovery of cAMP during the extraction procedure and for complete degradation of cAMP by PDE, 800 pmoles of cAMP were added to a 200 mg sample of algae material at the moment they were ground in the mortar. Samples were processed as usual, incubated in the presence and absence of PDE and assayed for cAMP. The recovery was usually around 95 % in the absence and less than 0.5 % in the presence of PDE treatment.
Statistics
Data shown are mean of three independent replicates. Significance of differences in cAMP levels under different treatments were tested by one way ANOVA followed by pairs comparison using Fisher's LSD test (P = 0.05).
Results
Cyclic AMP levels in the brown alga Fucus spiralis fell below detection limits throughout the set of experiments described here (not shown), while the rest of species presented cAMP values that ranged from 15 to 1514 pmol g -1 FW.
When exposed to different light qualities, set to stimulate phytochrome, D. dichotoma, G. sesquipedale and U. rigida had a similar response (Table 1) . cAMP levels were maximum in culture WL for D. dichotoma and U. rigida, reaching values over 1000 pmol g -1 fresh weight (FW). Under FR (only) illumi- ; R (5 min) followed by FR (10 min); and R + FR, simultaneous illumination with R and FR lights for 15 min. Data are mean of three replicates. Standard deviation is given in brackets. Different letters for significant differences between treatments (P < 0.05). Table 2 . Data are mean of three replicates. Standard deviation is represented as a bar.
Initial
nation, cAMP dropped to the lowest values for the three species, the minimum corresponding to G. sesquipedale. Values under R illumination were only slightly higher than those in FR; however, there was an enhancing effect of both light qualities when FR was applied after the R treatment, and especially so when R and FR were supplied simultaneously (Table 1) . Net photosynthetic oxygen evolution rate (NP) at increasing WL PFD followed a typical hyperbolic behaviour in the two species tested (Fig. 2) . The corresponding photosynthetic parameters were calculated according to Edwards and Walker (1983) and are shown in Table 2 . The fast growing U. rigida showed higher maximum rate of photosynthesis (P max ) and light efficiency (α), as well as lower light compensation point (LCP) than the slower growing G. sesquipedale. cAMP accumulation closely followed the increase in photosynthetic oxygen evolution with increasing irradiance, but only until near NP saturation irradiance for both species (100 µmol quanta m -2 s -1 , Fig. 2 ). Photosynthetic activity and cAMP significantly correlated at PFD below 100 µmol quanta m -2 s -1 (P < 0.05), and the overall ratio derived was 5.01 and 1.73 pmol cAMP produced per mol O 2 evolved for G. sesquipedale and U. rigida, respectively. However, when light was supplied in excess for photosynthesis (above 100 µmol quanta m -2 s -1 ), cAMP responded differently in G. sesquipedale and U. rigida, decreasing to initial values in the former, and increasing linearly with irradiance in the latter.
Dark-to-light kinetics experiments were performed in G. sesquipedale and U. rigida (Fig. 3) . The onset of light (WL at 100 µmol quanta m -2 s -1 ) led to a progressive increase of cAMP levels in both species, reaching values close to those measured in the middle of the culture light period (6 h of WL, as photoperiod was 12 : 12, dark : light). The increase was faster in U. rigida than in G. sesquipedale. In order to test whether cAMP depends on cell production of its precursor ATP, thalli were incubated in the presence and absence of the inhibitors of electron transport DCMU, KCN and antimycin A during exposure to WL for 1hour. For incubations, samples were taken from culture at the middle of the light period (photoperiod 12 : 12, dark : light). The inhibitors caused a 70 to 99 % decrease in cAMP levels (Table 3) , suggesting that cAMP is not independent of ATP synthesis in any of the three species tested.
Discussion
Cyclic AMP has been long implicated in the signal transduction of the light environment (see Assman 1995). Phytochrome is one of the main light receptors mediating such signals (Kendrick and Kronenberg 1994) , and a link between phytochrome and cAMP transduction has been traditionally suggested (Chung et al. 1988 , Molchan et al. 2000 , Ohmori et al. 2002 . In the cyanobacterium Anabaena cylindrica, reversible inhibition and stimulation of cAMP production by R and FR, respectively, point in that direction (Ohmori et al. 2002) . However, in the red macroalga Porphyra leucosticta, R and FR had a synergistic effect on cAMP accumulation (Segovia et al. 2001) . This is also the case for the three species reported here, compromising the involvement of phytochrome in cAMP modulation in such species. cAMP levels measured reflects the accumulation during each incubation. The result is that the FR-mediated increase of cAMP levels requires red light. This synergistic effect is higher when R is supplied along with FR than when both light qualities are supplied separately the former before the latter. That could be related to incomplete electron flow while in R, that is alleviated when FR is applied. Photosystem II has its maximum absorbance in the R region while PS I has its maximum in the FR region. Electron flow from PS II to PS I is favoured when both light qualities are present. This is usually manifested by higher photosynthetic oxygen evolution rates (Hall and Rao 1997) . Being that the case, cAMP could somehow respond to the energetic status of the photosynthetic machinery, rather than to light quality itself. This means that the photosynthetic machinery, in particular the photochemistry of the electron transport between photosystems would mediate the photoreception of cAMP-related cellular response as previously suggested for P. leucosticta (Segovia et al. 2001) . Presumed candidates for cAMPmediated responses would be cell division, nutrient transport and macromolecules synthesis among others (Francko and Wetzel 1981 , 1983 , Trewavas et al. 2002 .
The results presented in Figure 2 can help elucidate the way by which photochemistry regulates cAMP levels in these species. G. sesquipedale showed high cAMP concentrations when full stimulation of photosystems occurred (near saturating PFDs). However, the decrease of cAMP levels at excess irradiance (above 100 µmol m -2 s -1
) would indicate that cAMP responds to the efficacy of photosystems rather than the efficiency (the latter being higher at low PFD) or the excitation pressure (which is higher at increasing PFD). That means that cAMP accumulated when photosynthesis was working at its optimum capacity without wasting light energy, but drops when light excess or limitation is detected by the photosynthetic machinery. In U. rigida, the excitation pressure (that increases at high PFD) seemed to be the main signal regulating cAMP as indicated by the sustained cAMP increase at increasing PFD even beyond saturation of photosynthetic O 2 production. The regulation of cAMP by the photosynthetic status has also been proposed for the red seaweed Porphyra leucosticta (Segovia et al. 2001) .
Dark to light transitions can add understanding on the mechanisms of modulation of cAMP levels by the photochemistry. Changes in the accumulation of cAMP when light is switched on would indicate the ability to sense changes in light presence/absence through photochemistry, which is of major relevance to synchronise a number of cell mechanisms. Measurement of intracellular cAMP in the dinoflagellate Amphidinium operculatum revealed that cAMP concentrations varied on a diel basis, but increases observed appeared to correlate with cell size increases, not with dark/light or light/dark transitions, supporting a role for cAMP-dependent signalling in the dinoflagellate cell cycle (Leighfield and Van Dolah 2001) . Fast growing species would be expected to respond faster to light onset than slow growing ones. We observed that fast growing U. rigida can increase cAMP levels in a 50 % after 30 s following the onset of light, while the slow growing G. sesquipedale needed more than 30 min to show a similar increase. cAMP was largely affected by inhibitors of metabolic steps involved in ATP synthesis, pointing to a dependence of the former for the latter. Since photosynthesis yields the direct precursor of cAMP, i.e. ATP, the relation of cAMP with photosynthesis could merely reflect a response to the availability of substrate. However, we cannot determine whether the responsible for low cAMP levels was the inhibition of ATP synthesis itself, or the blocking of electron transfer between PS II and PS I. In addition, even some ATP production can proceed in some extent if cyclic electron flow around PS I is taking place. In contrast, simultaneous measurements of ATP and cAMP in P. leucosticta showed that cAMP was not dependent on ATP (Segovia et al. 2001) . Recently, a lack of correlation between ATP synthesis and cAMP levels has been also found in the lichen Evernia prunastri (Segovia et al., unpublished results) .
In conclusion, changes in cAMP were observed related to light quantity in a number of ways. cAMP would act as a mediator of photosynthetic efficacy in G. sesquipedale, and of photosynthetic excitation pressure in U. rigida, but it also behaves like a light switch-on signal. In none of the species tested could cAMP be related to phytochrome activity.
